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Abstract 

We introduce a new texture for neutrino mixing named Tri-Permuting (TP) mix- 
ing matrix. This pattern is characterized by maximal solar and atmospheric angles 
and by a large reactor angle satisfying sin #13 = 1/3. The correct lepton mixing ma- 
trix is obtained when combining the charged lepton mixing matrix with the neutrino 
one. In this way we get new predictions for #13 with respect to those obtained by the 
well studied TBM or BM mixing patterns. We present a specific model that gives 
rise to TP mixing in the neutrino sector as well as the required corrections from the 
charged lepton one. 



1 Introduction 

The most recent T2K [l] and MINOS (2] results have shown at 2.5 and 1.7 a respectively 
the evidence of a #13 7^ in the lepton mixing matrix. The first global analysis [3] have 
confirmed their results giving at 3<r level the range 0.001 < sm8f 3 < 0.044 (0.005 < 
sin 9f 3 < 0.050) for the NH (IH) case. Comparable results have been obtained by the most 
recent global analysis 4 that have slightly lowered the upper bound 0.001 < sin #^3 < 0.035 
(0.015 < sin ^ 3 < 0.039) for the NH (IH) case. 

While waiting for more statistics and forthcoming tests of these results neutrino phe- 
nomenology community have showed an impressive fast and conspicuous productivity in 
proposing new textures and models that could account for the correct #13 size. The major- 
ity of these analysis have been devoted to a re-consideration of the possible corrections to 
TriBiMaximal (TBM) mixing. TBM pattern predicts at leading order (LO) a vanishing #13. 
Even in the first TBM predicting models (5) a non vanishing #13 was indeed predicted at 
next to leading order (NLO) typically quite small, of order 9q, with C ~ -23 the Cabibbo 
angle. In the last months different scenarios based mainly on discrete symmetries have 
been proposed to modify TBM texture and predicting a 6>i 3 7^ up to 10 degrees (6j[7] . 
Other possibilities have been considered in [8]. 

Even before T2K and MINOS recent data a promising idea to get a #13 7^ was given 
by BiMaximal (BM) mixing. 

In the context of BM mixing the basic idea is that at LO solar and atmospheric angles 
are maximal and the reactor angle is zero (9 11 . Then at next leading order (NLO) 
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only the solar and the reactor angles get corrections of order the Cabibbo angle 9c while 
the atmospheric keeps unchanged. Finally at next-next leading order (NNLO) even the 
atmospheric angle may get corrections but these are of order 9 C thus allowing to fall in the 
experimental data range. In this picture NLO corrections at the lepton mixing matrix arise 
by diagonalizing the charged lepton sector. The reason is seeded in the original motivation 



to study BM mixing, that is quark-lepton complementarity 12 . We remind that recently 
it has been shown how a relative large #13 may arise from the charged lepton sector in the 
context of SU(5) assuming exact TBM mixing in the neutrino sector (Tj. 

At the moment while we are looking for more statistics and new analysis to confirm and 
deline the #13 range one of the challenges is finding a texture that has a non vanishing # 13 at 
LO-eventually even too large—and thus making it smaller thanks to adequate corrections 
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At the light of the most recent results there is an intrinsic tension in the BM assumption. 
Consider the BM choice 

71 

#12 = #23 = - 7> #13 = 0, (1) 

and assume that the charged lepton mass matrix is diagonalized on the left by a rotation 
in the 12 sector of order the Cabibbo angle parametrized as 



U e = -sin6e iS cos9 , (2) 




where 5 is a possible CP Dirac phase. 

Then one finds that the lepton mixing angles are given by 

#23 ~ -^ + V + (9(# 3 ), 

9 12 ~ ~ - -^9 cos 5 + 0(9 3 ), 

#13 ~ ^=e. (3) 

The solar angle wants a large 9 of order the Cabibbo angle 9c, while the most recent fit 
indicates that # 13 is large but not too much. The results is shown in fig. [TJ according to the 
simple parametric expansion of eq. ^ the BM 6*13 prediction is large and could be ruled 
out by an improvement of precision that could low the 3<r upper bound. However in more 
realistic scenarios the values allowed for #13 are spreaded, but we still may conclude that if 
the upper 3a limit on 9 13 would be lowered the BM pattern would be strongly disfavored. 

In this paper we present a complementary picture to that offered by the BM pattern 
that we define as the Tri-Permuting (TP) mixing matrix. The name reminds that the 3 
eigenvectors are identical up to permutations and change of signs. This TP mixing matrix 
is defined by two maximal angles and a large #13 according to 

sin #12 = sin #23 = -— ^ , sin6»i 3 = ^. (4) 
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Figure 1: The reactor versus the solar angle in the case of the BM mixing matrix corrected by a rotation 
in the 12 plane of the charged lepton mass matrix. Vertical and horizontal lines bound the 3<r range for 
sin Q\ 2 and sin respectively. 




U T p ~ - 2 1 -2 . (5) 



Under the previous assumption that charged lepton mass matrix is diagonalized through 
the rotation given in eq. Q we get 

23 ~ -^ + iflcos<5 + -^0 2 (4 + cos2<5) + 0(0 3 ), 
4 4 lo 

Q Q 

012 ~ ----Ocosd 2 cos25 + £>(0 3 ), 

4 4 16 v ; 

013 ~ l + lecos5- le 2 (l + 4sm5 2 ) + 0(6 3 ). (6) 

6 6 o 

Notice that while 9 12 and 9 13 receive a correction of order ~ 9 cos 5, 023 is corrected by 
cos 5/4 ~ 9 2 c if ~ 0c the Cabibbo angle. Moreover to constrain 9\ 2 in the correct range 
we need cos S < that gives a correction to 0i3 in the right direction. This is explicitly 
shown in fig. [2] At the same time we get a prediction for the Dirac CP phase that in this 
scenario is given by 

Si ~ 2(0 sin 5- 9 2 sin 25). (7) 

In the next section we introduce the framework in which TP mixing matrix arises. In 
secj3]we build a renormalizable model that provides such a texture. Neutrino phenomeno- 
logical implication are discussed in sec|4]and sec|5]is devoted to our conclusions. 
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Figure 2: The reactor versus the solar angle in the case of the TP mixing matrix corrected by a 12 
rotation in the charged lepton sector . Vertical and horizontal lines bound the 3cr range for sin 9\ 2 and 
sin#f 3 respectively. 



2 Residual symmetries 

It is well known that under the assumption that neutrinos are majorana particles if there 
is any residual symmetry behind neutrino mass matrix this is at most a Z2 x Z2 flavor 



symmetry 13 14 . While it is clear how the Z2 x Z2 acts on the neutrino mass eigenstates 
since the three mass eigenstates must have flavor parity (+,+),(+,-),(-,-), it is an open 
question how it acts on the neutrino interaction eigenstates. In the most general case 
given the three left handed neutrinos vl ~ (f^, v>l 2 , vl 3 ) each Z 2 flavor symmetry Si^, 
Sf 2 = 7, acts on vl as 

v L ->■ SiV L (8) 

and it holds that [Si, S2] =0. Thus the neutrino mass matrix may be written in terms of 
the three eigenvectors of Si and S 2 , fj, satisfying 

SlVi = Vi S 2 V! = Vi , 

Siv 2 = v 2 S 2 v 2 = —v 2 , 
Siv 3 = -v 3 S 3 v 3 = -v 3 . (9) 

As consequence the effective light neutrino majorana mass matrix may be written as 

m v = miv^vi + m 2 v J t> 2 + m 3 vjv 3 . (10) 

This approach has been used in many scenarios and typically addressed as sequential 



dominance 15 . Determining Si and S2 fixes uniquely the lepton mixing matrix if the 
charged lepton mass matrix is diagonal. Si and S2 corresponding to the TP mixing matrix 
are given by 
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Si 



So 



(11) 



A diagonal charged lepton mass matrix is invariant under an infinite choice of abelian 
symmetries since charge assigments for the left handed fields may be compensated by the 
corresponding right ones. A natural choice is given by Z e x x Z T . Clearly this symmetry 
has to be broken by soft terms or by NLO contributions if the correction to the TP mixing 
matrix has to arise by the charged lepton sector. 



3 The model 

In this section we build a renormalizable model that provides the TP mixing matrix. We 
assume that no other heavy matter fields exist a part from those we report in tab. [TJ thus 
the Yukawa lagrangian we write in eq. (12) is complete and no NLO terms have to be 
taken into account. The model is based on the flavor symmetry Gf ~ SU(3)f X U(1)f 
and matter and scalar fields charge assigments are reported in tabjlj Left handed doublets 
transform as a triplet of SU(3)f- Standard model (SM) right handed charged lepton are 
SU(3)p singlet and charged under U(l)p- Among the matter fields we have 2 right handed 
neutrinos, singlet under SU(3)f x U(1)f, a vectorial couple of heavy SM singlets £,£, 
transforming as 3 and 3 respectively under SU(3)f, another vectorial couple of heavy SM 
SU(2) singlet charged under U(l)y, F, F c , 3 and 3 of SU(3)f respectively. We introduce 
five 3 scalar fields, three of them are charged under U(l) p- In addition we impose an extra 
Z 2 symmetry under which all the fields are even with the exception of one right handed 
neutrino, v^, and one scalar triplet, <p2, that are odd. 
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Table 1: Transformation properties of the matter fields, 
is arbitrary once the condition a j3 ^ 7 is satisfied. 



The choice of the charged lepton U(1)f charges 
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3.1 Mass matrices 



Given the field content of tab jl] the lagrangian reads as 

C = kLHTj + ( yi £& + y' x Wi>l + (2/ 2 S0 2 + l/ 2 S0* 2 )z/ c 2 + MsEE + + -f^2 

+ y F LHF e + y e F</> e e e + y li F<f> lt fi c + y T F<f> T r c + M F FF c , (12) 

where H = ia 2 H with H the usual SM higgs doublet and a 2 the Pauli matrix. We have 
omitted SU(2) indices to simplify the notation. As already stated this is the full Yukawa 
lagrangian thus no NLO corrections have to been included. 

In sec|2] we have said that TP mixing matrix is obtained when neutrino and charged 
lepton mass matrices are invariant under Z 2 x Z 2 and Z e x Z^x Z T respectively. This means 
that the flavor group Gf has to be broken following different patterns in the neutrino and 
charged lepton sector as it usually happens in the context of discrete flavour symmetries [5] . 
In our scenario this is realized when the five scalars fa develop vacuum expectation values 
(VEVs) as 



) 1 )~(2,2,1), (0 2 >~(2,-l,-2), 

i e > ~ (1, 0, 0) , (0 M > ~ (0, 1, 0) , ~ (0, 0, 1) 



(13) 



In sec ]3.2| we sketch how this alignment may be realized. 

When flavor and electroweak symmetries are broken the neutrino mass matrix is a 5 
block matrix that in the basis (i/l, E, S, v^, v£) is given by 






m D 





T 




A 





A 





with 



M v = \ mjj M A . (14) 



m D = (kv h - 1,0), X =(x\ \l 



1 



M v c = Diag(M u M 2 ) , M, 







M s • 1 
M s ■ 1 



(15) 



being 1 the identity 3x3 matrix. The A's are defined as 




A 2 , A' 2 = y 2 , y' 2 v 2 | -1 | (16) 

Under the assumption Ms > M 12 > Ai j2 , X[ 2 it is convenient defining the spinor and 
E 2 

Ei = i(S + E) E 2 = i=(-E + E). (17) 
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In this way eq. ( 14 ) becomes 




M v = ( m T D M A | . (18) 

M v may be sequentially diagonalized by using the block diagonalization method introduced 
in [l6j. First the method is applied to the block involving the heavy fields (Ex, £2, v \i 
The unitarity matrix that diagonalize the block is defined as 



1 — BB R 

Uh =~ ( J 1 b t b ) (19) 



with 



B ~ -M _1 A . (20) 
The lightest singlet neutrinos mass matrix becomes 

M„ c = M„c - X T M~ 1 X . (21) 

The effective light neutrino mass matrix is given by the usual type I see saw formula 
according to 

m u ~ —m D B— — £> m„~-mn— A A -^—m n , (22) 

M,c D M M v c Mq^ 1 ^ 



and presents the form 



Ax + Ay Ax - 2y 2x - Ay 
m v — I 4x - 2y 4x + y 2x + 2y | (23) 
2x — Ay 2x + 2y x + 4y 



with 



.2. .2 „. o/„2 2 ^2^2 



MxM| y M 2 M| v ; 

The previous is diagonalized by [T^p with eigenvalues (9x, 9?/, 0). Thus our realization 
allow only the IH spectrum. 

For what concerns the charged lepton sector in addition to the SM fields we have the 



heavy fields F, F c . When the vacuum alignment coincides exactly with that in eq. (13) the 
full charged lepton left-right mass matrix presents a trivial block structure 

jk* = ( l r,- ■ M , (25) 



Y Mp ■ 1 

with Y = Diag(y e v e , y^v^, y T v T ). By integrating out the heavy fields the SM charged lepton 
mass matrix is diagonal and 

(m e , 77i M , m T ) = V -^~ {y e v e , ypVp, y T v T ) . (26) 

IVl p 
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In sec, 3.2 it is discussed how the alignments given in eq. (13) get corrections due to the 
presence of soft terms needed to give mass to the Goldstone Bosons (GBs) arising by min- 
imizing the potential. Specifically, for what concerns 
by 

+ e e ,M,r(2, 2, 1) . 

In this way the block Y is substituted by 



eq. (13) have to be substituted 

(27) 



y e {v e + 2e e ) 2y^e ll 2y T e r 
Y= I 2y e e e y ll {v IJl + 2e ll ) 2y T e T 

y e e e y^f, y T (v T + 2e 7 





{21 



since e x « v x . Neglecting terms proportional to y e v e « y^v^,y T v T the charged lepton 
mass matrix squared presents the following structure 



m ch m\ h ~ \m 7 



where we have defined y' x 







e » Kl 2 



VxV x e x \m T 



\ 



i* ws 



(29) 



For construction e' « 1 and 



|e' T | < |e' | to fit the correct ratio lm^l/jm.,-1 thus eq. (29) is diagonalized by 



U, 



1 

e'* 

/-< 



e'l 1 



(30) 



The final lepton mixing matrix has the desired structure and in first approximation it is 
given by 

3 3 3 3 3 

U lep = UlU T p ~ 



where we have used lell < le'l. 

1 /* 1 



V 



3 

^ + 2 
3 t 3 3 
1 2 



3 3 
1 2e'; 

3 



3 
3 



(31) 



/ 



3.2 Vacuum alignment 

Model based on flavor symmetries spontaneously broken in different directions in the 
charged lepton and neutrino sectors have always to face off the problem of realizing the 
correct vacuum alignments. This affects TBM as well as BM models based on both discrete 
and continuous symmetries. The formers tend to break in one direction and therefore dif- 
ferent techniques have been developed to break them in two directions. For the latter the 
situation is even worse since continuous symmetry do not develop a preferred direction to 
be broken to and the minimum conditions present an infinite degeneracy. For this reason 
in model based on flavor continuous groups such as SU(3) or SO (3) the correct vacuum 
alignment is typically obtained by introducing soft breaking terms of the continuous sym- 
metry. These softs preserve an appropriate discrete subgroup of the continuos symmetry 
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and through the minimization of the potential they select the correct directions 17 . Here 
we use the same approach. 

In our model we have five 3 of the flavour group Gf ~ SU(3)f X U(1)f x ^2- For five 
3 of a generic SU(3) the most generic potential is written as 

vm = + KMti^M<Pi) , (32) 

where the sum other all the fields is understood. In our case, the abelian symmetries 
forbid many terms and in particular the scalar SU (3) p invariant potential has an accidental 
enlarged symmetry SU(3) x U(3) 3 : the first SU(3) involves <j>i and 02 and one £7(3) per 
(pi, i = e,fi,r. The generic vacuum configuration constrains the absolute scalar VEVs 

(0!> , (0 2 > , (<j> e ^ T ) , (33) 

and the accidental SU(3) x U(3) 3 is completely broken giving rise to 8 + 9 x 3 = 35 GBs. 
This is a situation quite common in flavor models: the inclusion of the soft terms is needed 
both to trigger the correct alignments and to give mass to the unwanted GBs. 
In our context we need three set of soft terms: 

- V} Q j t : it triggers the correct vacuum alignment for 4> e ,^,r and also breaks the accidental 
U(3) 3 symmetry to £77(3), giving mass to 19 GBs. At this level we are left with an 
accidental global symmetry SU(3) x SU (3) 

- Ko/t : ^ triggers the correct vacuum alignment for 0i )2 breaking SU(3) x SU(3) to 
SU(3) and giving mass to other 8 GBs. 

- V 3 j- t : it breaks the residual 577(3) and gives mass to the last 8 GBs. 
A suitable example for V} ^ t is given by 

Vjoft = [ml(4M + mJ T (0t 0t ) + + H.c. (34) 

The basic assumption is that the soft terms slightly modify the first derivative system that 
in first approximation may be considered unchanged. Thus the first derivative system of 
the potential involving 4> e ,n,r fixes (0 e ,/vr) an d we have always the freedom to choose one 
direction, for example 

(0 e ) =« e (l,0,0). (35) 



If mLm^ T > and A < the quadratic and quartic terms of eq. (34) select orthogonal 
directions for M and r : 

- the quadratic terms select the direction 

(0m) = u m(0> cosa > s i n a )i {4>t) = v T (0, sin a, — cos a) , (36) 

- the trilinear term is proportional to cos 2a and to maximize it we need a = it/ 2 that 
gives the correct alignment to M and r . 
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Building Vg f t is a bit more ad hoc: we need to impose that V^ t is invariant under one 
of the following transformations 

i) U -»■ 20 i3 <f) l3 -»■ 1/201, , 

iz) -> 0l 2 0l 2 ->■ Xl , 

in) 0i -»■ 02 (37) 

Clearly this transformations breaks explicitly S't/ (3) and the Z 2 under which 2 is odd. A 
possible V^ft is given by 

m 2 ^, -20i 3 1 2 + ^4101, ± 0i 2 1 2 + m 2 12 {<f)\<f) 2 + H.c.), (38) 

By choosing correctly the sign of mf,m 2 _,mf 2 > 0, m 2 + < not to have tachyons we get 
(0i ) and (0 2 ) orthogonal and along the right directions. 

Finally Vf Q f t have to make massive the last 8 GBs: in order not to destroy the alignments 
provided by V} Q f t and V, 2 ^ it has to be subdominant with respect to them. It may have a 
form like 

™ 2 i(0t0i). (39) 

In general V^ f t leaves the freedom to preserve only one vev direction and would slightly 
disalign the others. If only 0i-or 02-is involved in Vf j t together with 0e lAe , T it is possible to 
disalign only the triplets entering in the charged lepton Yukawa lagrangian. For example 
they would disalign according to 

(0 ejM , T ) + e ej/vr (2,2,l), (40) 
giving rise to the corrections needed to generate a non trivial charge lepton mixing. 



4 Neutrino phenomenological analysis 



Eq.(23) and eq. (|31| give us all the informations to outline the neutrino phenomenology 
of the model discussed. For what concerns the spectrum only the IH case is allowed with 
vanishing 777,3. in first approximation the predictions for the lepton angles coincide with 
those given in eq. (|6]) but a more accurate scan of the parameters space is performed by 
taking into account the complete charged lepton mixing matrix obtained fitting the charged 
lepton masses. The result is showed in fig|3} From the upper to the lower panel we plot 
the reactor angle versus the solar angle, the atmospheric angle and the CP dirac phase 
5i. The numerical scan confirms the parametric plot showed in the introduction. We have 
reported the 3a range for the 3 angles according to the most recent analysis. There is a 
nice correlation between the solar and reactor angle: if in the near future there would be 
an improvement in the 3a range precision of one of the two angles we would automatically 
get an upper or/and lower predictions for the other. On the other hand the model could be 
ruled out by an improvement on the precision for the atmospheric angle since it predicts 
sin #23 far from its central value (0.42). For what concerns the CP Dirac phase our points 
clustered in the range ± 7r/4. From eq. (j7l) we see that 5i ~ is the expected value from 
the analytical parametrization. Indeed eq. (l6j) tell us that cos S ~ —1 to fit the solar angle. 
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To study neutrinoless double beta decay we consider the effective 0i/f3f3 parameter m ee 
defined as 

m ee = [Uiep diag(mx, m 2 , 0) Ui ep ] n . (41) 

In fig|4]we plot m ee versus the sin 6l 3 since in our model the lightest neutrino mass is always 
vanishing. As consequence the model predicts almost an exact value for m ee ~ 45 meV. 
The future experiments are expected to reach good sensitivities: 90 meV [18] (GERDA), 20 
meV |;19;| (Majorana), 50 meV |20| (SuperNEMO), 15 meV (2l) (CUORE) and 24 meV (22) 
(EXO). As a result the model may be tested in the next future. 



5 Conclusions 

In this paper we have proposed a new mixing matrix for the neutrino mass matrix that 
we named the Tri-Permuting (TP) mixing matrix. This pattern requires large corrections 
both to the solar and to the reactor angles that thus are correlated in a new way orthogonal 
to other patterns proposed in literature such as the BM mixing one. Not to affect neutrino 
masses and the atmospheric angle these corrections have to arise by the charged lepton 
mixing matrix. We have build a full renormalizable model in which this scenario is realized. 
In the model proposed both neutrino and charged lepton get mass through a generalized 
see saw. The model is characterized by a neutrino IH spectrum with vanishing m 3 . As 
consequence it is highly testable in the next future because it predicts an exact value for 
the effective OvftP parameter m ee ~ 45 meV and could be ruled out by an improvement of 
precision for the atmospheric angle. At the same time it gives a nice correlation between 
solar and reactor angles that could be tested by future analysis. 

We have also roughly discussed the potential sketching the strategy to obtain the correct 
vacuum alignments and the correction to the charged lepton mass matrix needed to correct 
the TP mixing matrix. A part from the neutrino sector the model phenomenology is deeply 
rich due to the presence of many new scalars and heavy fermions. A complete analysis of 



its phenomenology is postponed to a future work 23 



Aknowledgments 

I am grateful to S. Morisi for useful discussions and suggestions in the initial stage of this 
project. 

References 



[1] K. Abe et al. [T2K Collaboration], arXiv:1106.1238 [Unknown] 



[2] MINOS Collaboration, |http: / /www-numi.fnal.gov/pr_plots/index.html 



[3] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno, |arXiv:1 106.6028 
[hep-ph] . 



[4] T. Schwetz, M. Tortola and J. W. F. Valle, arXiv:1108.1376 [hep-ph]. 



11 



[5] A complete list of reference may be found in G. Altarelli and F. Feruglio, Rev. Mod. 



Phys. 82, 2701 (2010) |arXiv:1002.0211 [hep-ph]]. 



[6] S. F. King an d C. Luhn, |arXiv: 1107.5332] [hep-p h]. X. G. He and A. Zee, 
|arXiv:1106.4359| [he p-ph]. T. Araki, |arXiv:1106.5211| [hep-ph] S. Morisi, K. M. Pa- 



tel and E. Peinado, arXiv: 1107.0696 [hep-ph]. Y. H. Aim. H. Y. Cheng and S. Oh. 
|arXiv:1107.4549| [hep-ph]. 

[7] D. Marzocca, S. T. Petcov, A. Romanino, M. Spinrath, |arXiv:lf0 8.0614 [hep-ph]]. 



Z. z. Xing, arXiv: 1106.3244 [hep-ph]. H. Zhang and S. Zhou, arXiv: 1107. 1097 [hep- 



ph]. W. Chao and Y. j. Zheng, |arXiv: 1107. 0738] [hep-ph]. J. M. Chen, B. Wang and 



X. Q. Li, |arXiv: 1106.3133] [ hep-ph]. N. Qin a nd B. Q. Ma, |arXiv: 1106 .3284] [hep-ph]. 
J. E. Kim and M. S. Seo, |arXiv:1106.6lT7] [hep- ph]. Y. j. Zheng and B. Q. Ma, 
|arXiv: 1106.4040] [hep-ph] . 

[9] V. D. Ba rger, S. Pakvasa, T. J. Weiler and K. Whisnant, Phys. Lett. B 437, 107 
(1998) |arXiv:hep-ph /9806387| ; Y. Nomura and T. Yanagida, Phys. Rev. D 59 (1999) 
01 7 303 [arXiv:hep-ph /9807325] ; G. Altarelli and F. Feruglio, Phys. Lett. B 439 (1998) 
112 |arXiv:hep-ph/9807353|. 



[10] G. Altarelli, F. Feruglio and L. Merlo, JHEP 0905, 020 (2009) |arXiv:0903.1940 [hep- 
ph]]. 



[11] D. Meloni, |arXiv:1107.0"22l] [hep-ph]]. 



[12] P. H. Frampton, S. T. Petcov and W. Rodejohann, Nucl. Phys. B 687 (2004) 31 
[arXiv:hep-ph/0401206l; G. Altarel li, F. Feruglio and I. Masina, Nucl. Phys. B 689 
2004) 157 |arXiv:hep-ph/0402155 |; M. Raidal, Phys. Rev. Lett. 93 (2004) 161801 
|arXiv:hep-ph/0404046|; H. Mi nakata and A. Y. Smirnov, Phys. Rev. D 70 (2004) 
073009 |arXiv:hep-ph/0405088] ; P. H. Frampton and R. N. Mohapatra, JHEP 0501, 
025 (2005), |hep-ph/0407139; J. Ferrandis and S. Pakvasa, Phys. Rev. D 71 (2005) 



033004 | arXiv:hep-ph/0 412038|; S. K. Kang , C. S. Kim and J. Lee, |arXiv:hep-| 
|ph/0501029[ N. Li and B. Q. Ma, |arXiv:hep-ph/0501226[ K Cheung, S. K. Kang, 
C. S. Kim and J. Lee, |arXiv:hep-ph/0503122| Z. z. Xing |arXiv:hep-ph/0503200[ 
A. Datta, L. Everett and P. Ramond, arXiv:hep-ph/0503222; S. Antusch, S. F. King 
and R. N. Mohapatra, |arXiv:hep-ph/0504007[ M. Lindner, M. A. Schmidt and 



A. Y. Smirn ov, |arXiv:hep -ph/0505067; H. Minakata, |arXiv:hep-p h/0505262; T. Ohls- 
son, arXiv:hep-ph/0506094; A. Dighe, S. Goswami and P. Roy, Phys. Rev. D 73 
(2006) 071301 [arXiv:hep-ph/0602062 |; B. C. Chauhan, M. Picariello, J. Pulido 
and E. Torrente-Lujan, Eur. Phys. J. C 50 (2007) 573 | arXiv:hep-ph/0605032]; 
K. A. Hochmuth and W. Rodejohann, Phys. Rev. D 75 (2007) 073001 larXiv:hej>] 
|ph/0607103]; M. A. Sc hmidt and A. Y. Smirnov, Phys. Rev. D 74 (2006) 113003 
|arXiv:hep-ph/0607232|; F. Plent inger, G. Seidl and W. Winter, Nucl. Phys. B 791 
(2008) 60 |arXiv:hep-ph/0612169]; F. Plentinger, G. Seidl and W. Winter, Phys. Rev. 
D 76 (2007) 113003 |arXiv:0707.2379| [hep-ph]]. 



[13] R. d. A. Toorop, F. Feruglio and C. Hagedorn, arXiv: 1107.3486 [hep-ph]. 



12 



[14] F. Feruglio and A. Paris, JHEP 1103, 101 (2011) |arXiv: 1101.0393] [hep-ph]]. 

[15] S. F. King, Phys. Lett. B 439 (1998) 350 [arXiv:hep-ph/9806440] ; S. F. King, 
Nucl. Phys.B 56 2 (1999) 57 |arXiv:hep-ph/9904210] ; S. F. King, Nucl. P hys. B 576 
(200 0) 85 (arXiv:hep-ph/9912492| ; S. F. King, JHEP 0209 (2 002) Oil |arXiv:hep- 



ph/0204360|; S. F. King, Phys. Rev. D 67 (2003) 113010 |arXiv:hep-ph7021 1228]. 
[16] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980). 



[17] I. de Medeiros Varzielas, G. G. Ross, Nucl. Phys. B733, 31-47 (2006). |hep- 
|ph/0507176| . 

I. de Medeiros Varziela s, S. F. King and G. G. Ross, Phys. Lett. B 644, 153 (2007) 
|arXiv:hep-ph/05 12313]. 



[18] A. A. Smolnikov and f. t. G. Collaboration, arXiv:0812.4194 [nucl-ex]. 
[19] Majorana Collaboration, |arXiv:0811.2446| [nucl-ex]. 

[20] H. Ohsumi [NEMO and SuperNEMO Collaborations], J. Phys. Conf. Ser. 120 (2008) 
052054. 

[21] A. Giuliani [CUORE Collaboration], J. Phys. Conf. Ser. 120 (2008) 052051. 
[22] M. Danilov et al, Phys. Lett. B 480 (2000) 12 |arXiv:hep-ex/0002003] . 
[23] F. Bazzocchi, in preparation. 



13 



io- 1 



P 



1 10- 



10 3 r 



0.25 0.28 0.31 0.34 0.37 
sm8 i2 2 



10 



-l 



a io 



10 



-2 




0.4 0.440.480.520.56 0.6 0.64 

sin#23 2 




Figure 3: The predictions for the lepton mixing parameters. From the upper to the lower panel we plot 
the reactor angle versus the solar angle, the atmospheric angle and the CP dirac phase Si. Vertical and 
horizontal lines bound the 3a range for the corresponding angles. 
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Figure 4: The predictions for m ee . Our IH spectrum is characterized by a vanishing m 3 . As consequence 
we predict almost an exact value for m ee ~ 45 meV that is in the precision range of the forthcoming 
neutrino experiments. Vertical lines bound the 3a range for sin 0f 3 . 
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